Derivatives of the Pseudomonas aeruginosa plasmid R91-5, loaded with the transposon TnSOl, were transferred to P. putida PPN. Over 90% of exconjugants, which arose at a frequency of ca. 10-6 per donor cell, exhibited high-frequency (>10-2 per donor cell) polarized transfer of chromosomal markers. In one instance it was demonstrated by transduction that the plasmid had been inserted into a gene required for serine biosynthesis. The integrated nature of the plasmid in this and other P. putida (R91-5: :TnSOI) derivatives was supported by the failure to detect covalently closed circular DNA in these strains. The transfer origins of six different Hfr donors have been characterized genetically, and time-of-entry kinetics obtained from interrupted matings have enabled the construction of a circular genetic map 103 min in length and containing 35 markers. The genetic map of P. putida PPN shows significant. differences in marker order to that of P. aeruginosa PAO.
Members of the genus Pseudomonas are well known for their metabolic versatility, but the extensive biochemical knowledge of this genus has not been matched by corresponding genetic studies (9, 32) . Whereas Pseudomonas plasmids have attracted wide attention (5, 15) , only in the case of Pseudomonas aeruginosa PAT (31) and P. aeruginosa PAO (26) has the chromosome been sufficiently well characterized to demonstrate genetic circularity. Such knowledge is necessary in many instances to be able to differentiate accurately between plasmid-and chromosome-encoded functions and is essential if plasmid-chromosome interactions are to be fully understood. Genetic analysis of P. putida has been hampered by a lack of suitable genetic tools, and although a number of plasmids have been shown to possess the ability to mobilize the P. putida chromosome (14) , only for the recombinant plasmid XYL-K has a conjugational system been developed sufficiently to allow a preliminary genetic map of P. putida PpG to be constructed (23) .
Genetic mapping in Escherichia coli was greatly facilitated by the integration of plasmid F into the chromosome-producing Hfr donors which mobilize the chromosome in a polarized fashion at high frequency from the point of integration (12) . For Pseudomonas, no plasmids have been described which form Hfr donors spontaneously, although chromosomal integration of temperature-sensitive maintenance mutants of the IncP-1 plasmids RP1 (10) and R68 (B. W. Holloway, C. Crowther, H. Dean, J. Hagedorn, N. Holmes, and A. F. Morgan, in S. Mitsubashi, ed., Proceedings of the Third Tokyo Symposium on Microbial Drug Resistance, in press), yielding Hfr donors, has been achieved in P. aeruginosa PAO after selection for plasmid markers at the nonpermissive temperature. As this temperature is 15°C above the optimum growth temperature of P. putida PPN, it was not possible to form P. putida PPN Hfr's with these plasmids. However, in this paper we show that the P. aeruginosa plasmid R91-5, when loaded with the transposon Tn501, integrates spontaneously into the P. putida PPN chromosome at a frequency of ca. 10-6, yielding Hfr donors which have enabled us to generate a circular genetic map. A preliminary report of these findings has been presented elsewhere (Holloway et al., in press).
MATERIALS AND METHODS
Bacterial strains, plasmids, and bacteriophage. Bacterial strains, plasmids, and bacteriophage are listed in Table 1 . P. aeruginosa PAO strains are derived from PAOI (ATCC 15692), and P. putida PPN strains are derived from PPN1 (ATCC 12633). This P. putida strain is also known as Stanier's strain 90, A3.12, and PRS, and it should be noted that although other workers have found ATCC 12633 to be resistant to carbenicillin, the PPN strains described here are sensitive. We cannot explain this difference. Bacteriophage methodology followed essentially the a Genotype symbols are the same as those used by Bachmann and Low for E. coli (2) , except that str signifies streptomycin resistance, rif signifies rifampin resistance, nal signifies nalidixic acid resistance, ggu signifies inability to take up glucose, and vil signifies simultaneous requirement for isoleucine, valine, and leucine. This locus is possibly the same as ilvE (9) . The designation of certain arg mutations such as argA, -B, -F, -G, or -H, the designation of certain trp mutations such as trpB, -D, or -F, the designation of certain ilv mutations such as ilvD, and the designation of certain his mutations such as hisD depended upon complementation by R' plasmids carrying P. aeruginosa PAO chromosomal genes. Some of these R' plasmids have been described (13, 20 ) and others will be described elsewhere (Morgan and Dean, in preparation). Phenotype symbols: Cb, carbenicillin resistance; Cma, chromosome-mobilizing ability; Tra, transfer. b Spontaneous mutations have allele numbers prefixed with a 2, ethyl methane sulfonate-induced mutations are prefixed with a 4, and insertion mutations are prefixed with an 8. Multiply marked strains were constructed by sequential addition of mutations.
c Nine nonsibling Tn501-loaded derivatives of R91-5, constructed in the same manner as pMO22, were provided by V. Krishnapillai. Only pMO196 has been specified here, as P. putida Hfr strains generated by chromosomal insertion of the other derivatives were not characterized.
Adams (1) , with the modifications required for hightiter Pfl6h2 lysate production described elsewhere (20) .
Media and cultural conditions. Nutrient yeast broth, nutrient agar, minimal medium, minimal agar (29) , and medium P (19) have been described. Stocks of amino acids (50 mM) were stored over chloroform and, for P aeruginosa, used at a concentration of t mM except foi isoleucine, which was used at 0.5 mM. For P. putida, these concentrations were halved. When appropriate, media were supplemented with 500 ,ug of carbenicillin (Pyopen; Beecham, Australia), 500 ju.g of streptomycin (Sigma Chemical Co.), or 24 tg of HgCl2 per ml. P. aeruginosa PAO was incubated at 37°C and P. putida PPN was incubated at 28°C.
Bacterial techniques. Plate matings (29) , spot matings, mutagenesis, mutant isolation, Pfl6h2-mediated transduction (20) , and the procedure for cotransduction analysis (16) 10' per donor cell (31) . However, transfer of R91-5 to PPN1021 could not be detected (<10-9 per donor cell), whereas transfer of pM022, a derivative of R91-5 loaded with the transposon TnSO) (28), could be detected at a frequency of 10-6 per donor cell when selection was made for CbF Furthermore, different CbF exconjugant clones yielded different patterns of marker recovery when used as donors. Table 2 shows that, whereas the majority of clones exhibited Cma (although with varying degrees of efficiency), there were two quite distinct donor types among the PPN1021(pM022) exconjugants, exhibiting apparently polarized transfer from different origins. One of each type was chosen for further study and designated PPN2007 and PPN2008
(exconjugants 1 and 2, respectively, of Table 2 ). Table 3 confirms that chromosome is mobilized from different origins in these two donor strains. Both the gradient of recovery of donor markers and the nonreciprocal nature of unselected marker inheritance indicated that the marker order was cys401-trp405-argA403. In the case of PPN2007, cys401 was the proximal marker, whereas for PPN2008 argA403 was the proximal marker. In both crosses double selection confirmed that trp-405 was the central marker.
Identification of additional trainsfer origins. cys-401+ (13) b Plate matings were performed as in the text, and in each instance 100 recombinants were scored for coinheritance of unselected markers by replica plating.
The marked gradient of recovery of donor markers enabled us to distinguish donors with different origins on the basis of spot matings. This allowed us to screen a large number of Cb' P. putida PPN exconjugants for additional origins. Table 4 summarizes the data from a series of experiments in which pM022 or other R91-5::TnSOI derivatives were scored for their donor properties after transfer to various PPN derivatives. It is of course necessary to know the marker order for transfer origins to be characterized in this manner. However, it was apparent that this procedure allowed us to characterize transfer origins and to order the markers simultaneously by inspection of the mating plates, although this was not confirmed until later by virtue of the time-of-entry studies (see below). It is clear that the transfer origins were not distributed randomly around the (presumed circular) genetic map, although of course this procedure assigns transfer origins to regions of the chromosome rather than to exact sites. A representative of each transfer origin class was chosen for further study.
HE properties of P. pudda PPN(R91-5::Tn5OI) derivatives. The above results indicated that PPN(R91-5::TnSOl) derivatives were capable of mobilizing P. putida chromosomal markers at considerably higher frequencies than the apparent transfer frequencies of the plasmids into P. putida or4ginally. As we have never observed any evidence of restriction of other plasmids upon transfer from P. aeruginosa to P. putida (data not shown), a possible explanation of the Fig. 3, 4 , 5, and 6 and also includes the two nal loci mapped by linkage (Fig. 2) . When the locations of phenotypically similar markers were indistinguishable by time of entry, only one of the markers is shown. Fig. 3. and 60 ,ug/ml for the small colony type. We also observed that in preliminary interrupted mating experiments the large colony type yielded satisfactory results for certain donor-recipient combinations whereas the small colony type did not, and for other donor-recipient combinations the reverse was true (data not shown). This suggested that the two colony types arose by virtue of mutations at different chromosomal locations, indicating that two distinct nal loci were involved. The locus yielding the large colonies was denoted nalA and the locus yielding the small colonies was denoted nalB; their map locations were investigated by means of linkage analysis. Figure 2 indicates that nalA206 of PPN1131 was located between cys401 and trp-405, whereas nalB204 was distal to any of the three auxotrophic markers of PPN1129. When the crosses were repeated with double selection (Table 5 ), the position of nalA206 was confirmed, although the exact position of nalB205 is equivocal. However, it is clear that nalA and nalB map a considerable distance apart, and this was confirmed in the cross PPN2007 (transfer origin A) x PPN1132. This recipient has the same auxotrophic markers as PPN1131, none of which showed linkage to the nalB207 mutation it carries (data not shown).
It remains to be confirmed that only two nal loci are involved, or that the distinguishing of these loci on the basis of colony morphology and minimum inhibitory concentration is completely reliable. However, for practical purposes we were able to use these criteria to choose suitable Nalr recipients for interrupted mating experiments.
Time-of-entry mapping of the P. putida PPN chromosome by interrupted mating. The possession of a number of different Hfr donors enabled us to determine the time of entry of particular markers from more than one transfer origin, thus allowing us to calculate the distance (in minutes) between the transfer origins. This approach was aimed at the construction of a map consisting of a composite of the overlapping chromosomal regions transferred by different Hfr donors.
In Fig. 3 the distance between transfer origins A (the arbitrarily chosen 0 min) and E is represented as 40 min, taken from crosses 3 and 4. Cross 4 was preferred to cross 5 as the time-of- 24 , PPN2003 x PPN1152. The location of strA was determined from the unselected coinheritance of the donor strA400 allele among his401+ recombinants in cross 24. The locations of ilv404 and pur403 are taken from Fig. 3 . Other details as in the legend to Fig. 3. entry kinetics of the latter did not show as steep a gradient (data not shown). Similarly, the 28 min from cross 3 appeared more accurate than the 29 min of cross 2, which together with cross 1 would have indicated a distance of 42 min between transfer origins A and E. The location of transfer origin F at 11 min, calculated from crosses 7 and 9, was corroborated by the lack of Cys+ recombinants when PPN2006 (transfer origin F) was spot mated to PPN1130, indicating that cys401 was distal to transfer origin F. Figure 4 shows the mapping of markers located between transfer origins C and D, which we have placed 8 min apart. This distance was determined from cross 13. Although both pyr-400+ and pur403+ gave entry times of 8 min from transfer origin D, the spot mating PPN2003 (transfer origin C) x PPN1163 yielded Pyr+ recombinants at high frequency (>10-2 per donor cell), but no Pur+ recombinants. This indicated that pyr400 and pur403 lie on opposite sides of transfer origin C, which we placed at 8 min from transfer origin D, with pyr400 and pur-403 placed at 7 and 9 min, respectively. This result, together with the 1-min entry time of pyr-401+ in cross 14, also showed that the time required for pair formation and chromosome mobilization must be <1 min. This greatly reduces a potential source of error in the conversion of absolute values of entry time into map distances. The order of the markers argB400-argA403-ser400ilvD405-met400 is suggested by the interrupted mating data from Fig. 4 , but of course it is not possible to order accurately such closely linked markers from interrupted mating data alone. That the marker order given is correct was subsequently demonstrated by transduction analysis, the data for which will be presented elsewhere (A. Morgan and H. Dean, manuscript in preparation).
The location of transfer origin C at 54 min (Fig. 5) Fig. 3 ) and from transfer origin B (cross 25, Fig. 6 ). This allowed us to combine the four overlapping linear maps from Fig. 3, 4 , 5, and 6 into a single circular map of 103 min in length (Fig. 7) . Repeated attempts to improve on the accuracy of the poorly marked region anticlockwise from transfer origin F by determining a time of entry for cys4O3+ from transfer origin F were unsuccessful, although this distance is given as only 34 min in Fig. 7 . This suggests the possibility that this region of the chromosome is in fact even longer than our data indicate. This point will only be resolved when more markers for this region become available. We were, however, able to confirm circularity by two-and three-factor linkage analysis in this region of the chromosome. Table 6 shows clearly that the markers vil400-cys404-trpF4J1 map in the order given in Fig. 7 and that markers too far from a transfer origin to be mapped by time of entry are still mobilized at high frequency. Indeed, every marker on the P. putida PPN chromosome can be mobilized from one or more of the six transfer origins characterized above at a frequency of at least 10-3 per donor cell (Table 6 ; unpublished data).
DISCUSSION
The simplest explanation of the results presented here is that R91-5 transfers efficiently to P. putida PPN, but is unable to coli, however, Tnl is believed to be responsible for the integration of temperature-sensitive mutants of the IncP-1 plasmids RP1 and RP4, respectively, resulting in structures that have the integrated plasmid flanked by Tnl and leaving a Tnl insert after plasmid excision (10, 11) . If TnS01 is responsible for the integration of R91-5::TnSOJ derivatives, resulting in R91-5 flanked by Tn501, plasmid excision would generate Cma-CbS Hgr derivatives. However, whereas all of the Hfr donors used in this study gave rise to Cma-derivatives at a low frequency, only Hgr Cbr or Hg5 Cbr classes were observed (data not shown). This observation, coupled with the finding that upon transduction of the transfer origin of PPN2003 the majority of Cb r transductants were Cma-Hg', is more consistent with the hypothesis that the inserted plasmid is flanked by the Tnl-like transposon. This raises the possibility that integration of R91-5::Tn5O occurs as a result of an interaction between the two transposons. A physical analysis of the structure of the integrated plasmids in the Hfr donors would determine which of the transposons (if either) was present as a flanking copy.
From Table 4 it may be seen that 95% of the Hfr's have transfer origins located in a region of the chromosome that has a maximum of only 18% of the total length (the distance between cys403 and vil400 from Fig. 7) , and which is possibly much less. The transfer origins of PPN2001 and PPN2007 (HfrA) could not be distinguished on the basis of the time of entry of cys401, and similarly the transfer origins of PPN2002 and PPN2007 (HfrB) were indistinguishable on the basis of the time of entry of cys-403 (data not shown). A similar nonrandom distribution of Tnl inserts into the chromosome has been found in P. aeruginosa (18) .
As P. aeruginosa and P. putida are closely related fluorescent pseudomonads (24), we had expected to find that their genetic maps would be similar if not identical, as is found for members of the Enterobacteriaceae (25) . Indeed, the organization of the P. putida PPN chromosome revealed by our genetic map exhibits two features also shown by P. aeruginosa, namely, the nonrandom distribution of auxotrophic markers around the map and the lack of clustering of auxotrophic markers of similar phenotype (26) . However, it is clear that the two maps show a number of differences in the order of markers, suggesting that gene order has not been conserved since the two species diverged. The comparison of the two maps will be dealt with in detail elsewhere (Morgan and Dean, in preparation).
In P. putida PPN, R91-5 behaves as a natural "suicide" plasmid. If its limited host range (7; J. Carrigan, cited in reference 18) proves to be due to its failure to maintain itself in other bacterial species rather than to its ability to transfer to them, then it may prove possible to use R91-5 loaded with TnS01, or possibly other transposons, to generate Hfr's in other Pseudomonas spp. or even other genera. This would greatly facilitate the development of genetic systems for such bacteria.
